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We summarize the state of the art of a program of UV observations from space of meteor phenomena, a 
secondary objective of the JEM-EUSO international collaboration. Our preliminary analysis indicates that JEM-
EUSO, taking advantage of its large FOV and good sensitivity, should be able to detect meteors down to absolute 
magnitude close to 7. This means that JEM-EUSO should be able to record a statistically significant flux of 
meteors, including both sporadic ones, and events produced by different meteor streams. Being unaffected by 
adverse weather conditions, JEM-EUSO can also be a very important facility for the detection of bright meteors 
and fireballs, as these events can be detected even in conditions of very high sky background. In the case of 
bright events, moreover, exhibiting some persistence of the meteor train, preliminary simulations show that it 
should be possible to exploit the motion of the ISS itself and derive at least a rough 3D reconstruction of the 
meteor trajectory. Moreover, the observing strategy developed to detect meteors may also be applied to the 
detection of nuclearites, exotic particles whose existence has been suggested by some theoretical investigations. 
Nuclearites are expected to move at higher velocities than meteoroids, and to exhibit a wider range of possible 
trajectories, including particles moving upward after crossing the Earth. Some pilot studies, including the 
approved Mini-EUSO mission, a precursor of JEM-EUSO, are currently operational or in preparation. We are 
doing simulations to assess the performance of Mini-EUSO for meteor studies, while a few meteor events have 
been already detected using the ground-based facility EUSO-TA. 
1. Introduction 
For the past several years an International Collaboration involving 
several research institutes located in 16 countries of 4 different 
continents (Europe, Asia, America and Africa) has been working on 
the development of the JEM-EUSO (Extreme Universe Space 
Observatory on board the Japanese Experiment Module) mission 
(Adams et al., 2015a), whose main idea is to put a 2-m class telescope 
aboard the International Space Station (ISS), to carry out nadir-oriented 
observations of a variety of very rapid transient physical phenomena. 
The project has evolved with time, and it now also includes smaller, 
pathfinder missions, namely experiments designed to test the observa-
tional strategy, and validate the existing technology to be used for the 
main mission. Among these JEM-EUSO precursors, there are experi-
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ments carried out at the EUSO-TA facility (Adams et al., 2015c) and a 
recently approved ISS-based mission, named Mini-EUSO (Ricci et al., 
2015). 
The main goal of JEM-EUSO is the detection of Extreme Energy 
Cosmic Rays (EECR, characterized by energy E above 5 x 1019 eV), 
making use of a dedicated refractive telescope having a 2.5 m diameter 
aperture equipped with an UV detector covering a wavelength interval 
between 290 and 430 nm. The telescope will be positioned in one of the 
modules of the ISS, and will carry out nadir observations from a height 
of about 400 km above sea level with a full Field of View (FOV) of ~60°. 
In this configuration, the instrument will detect the secondary light 
emissions induced by cosmic rays in the atmosphere (fluorescence and 
Cherenkov light). This mission design also makes possible the detection 
of a variety of transient luminous events in the atmosphere (Adams 
et al., 2015d), including meteor phenomena (Adams et al., 2015e). 
The pathfinder mission Mini-EUSO will use the same technologies of 
JEM-EUSO, but with a smaller aperture (25 cm diameter), resulting in a 
much coarser spatial resolution and a smaller FOV ~40°. Mini-EUSO is 
currently an approved project of ASI and ROSCOSMOS, and will be put 
aboard in the Russian Service Module of the ISS, pointing in the nadir 
direction through an UV transparent window. The scientific objectives 
of Mini-EUSO range from cosmic rays to planetary and atmospheric 
science, including tests of space observation of meteors and fireballs at 
UV wavelengths. 
In parallel to this space program, a ground-based detector, EUSO-
TA, has been operating since 2013 at the Telescope Array facility in 
Utah. Its main purpose is to perform ground-based tests of the planned 
observational technique and instrumentation of JEM-EUSO. During 
preliminary campaigns of cosmic ray observation, a few meteor events 
have been already detected, confirming the expectations. 
The paper is organized as follows. Section 2 and 3 will briefly report 
on the concept of the JEM-EUSO and Mini-EUSO detectors and their 
expected performance for meteor and nuclearite detection, the latter 
being exotic particles which have been suggested by some theoretical 
investigations to address the dark matter issue (De Rujula and Glashow, 
1984). Section 4 will summarize the ongoing efforts to implement into 
ESAF (Berat et al., 2010), the software package employed by the JEM-
EUSO collaboration, the basic properties of meteor phenomena and the 
necessary procedures for their detection with the JEM-EUSO and Mini-
EUSO instruments. Section 5 shows the first examples of meteor tracks 
detected by means of the JEM-EUSO observational approach, using the 
EUSO-TA facility in Utah. 
2. JEM-EUSO 
An extensive review of the JEM-EUSO concept, including detailed 
descriptions of the instrument hardware, has been published in a 
special issue (Volume 40, November 2015) of the journal 
Experimental Astronomy. Here, we briefly recall only the essential 
elements. 
The system consists of four major parts: (1) light-collecting optics; 
(2) focal surface detector; (3) on-board electronics; (4) lodgement 
structure. In practical terms, JEM-EUSO can be thought of as a large 
aperture and extremely-fast digital camera with a large field of view, 
specifically designed to detect extremely rapid events of light emission 
at UV wavelengths. As mentioned above, the optics consists of a 
telescope having an aperture of about 2.5 m and a field of view of 
60°. The detector is a ~3 x 10 pixels camera which is able to record 
incoming radiation at a rate of 400 kHz. The whole system operates at 
wavelengths between 290 and 430 nm, in both single-photon-counting 
and charge integration modes. 
Two curved double-sided Fresnel lenses having an external diameter 
around 2.5 m, a precision middle Fresnel lens and a pupil, constitute 
the optics of the telescope. The Fresnel lenses provide large-aperture, 
wide FOV optics with low mass and high UV light transmittance. The 
resulting angular resolution is 0.075°. This corresponds to a linear size 
of about 550 m on the ground (at nadir) We remind that the ISS orbits 
at a height of about 400 km. The corresponding resolution for 
observation of sources located at a height of 100 km above the ground, 
typical of meteor events, is about 400 m. 
The incident UV photons are focused by the optics into the focal 
surface, where the detector converts them into electric pulses. The focal 
surface has a spherical shape, about 2.3 m in diameter with a curvature 
radius of about 2.5 m. On this surface, about 5000 multi-anode 
photomultiplier tubes (MAPMT) Hamamatsu R11265-03-M64 (1 in. in 
size, with 8 x 8 pixels) are located. The detector consists of Photo-
Detector Modules (PDMs), each one including Elementary Cells (ECs) 
consisting of 4 units of MAPMT. A total of 137 PDMs are arranged on 
the focal surface. A Cockcroft-Walton-type high-voltage supply is used 
to reduce power consumption. It includes a circuit to protect the 
photomultipliers from sudden and intense light bursts, such as lightning 
or bright fireball phenomena (Adams et al., 2015b). 
The on-board electronics records the signals generated by UV 
photons. A front-end Application-Specific Integrated Circuit (ASIC) 
fulfills both functions of single photon counting and charge integration 
in a 64-channels chip. The electronics are configured in three levels 
corresponding to the structure of the focal surface detector: front-end 
electronics at EC level, PDM electronics common to 9 EC units, and 
focal surface electronics to control 137 units of PDMs. The anode 
signals from the MAPMT are digitized at time intervals (named Gate 
Time Units, GTU) of 2.5 |js and held in ring memory for an event to 
trigger the onboard software. After triggering, the data are sent to 
control boards. JEM-EUSO uses a hierarchical trigger method to reduce 
the data rate of ~10 GB/s down to 297 kbps, required for transmission 
from the ISS to the ground operation center. 
In this way, the pulses produced by incident UV photons are read 
and recorded by the on-board electronics. Whenever a signal pattern is 
detected, it triggers the start of a sequence of recording operations 
which involve a selected pixel region on the detector. The recorded 
signal data are eventually transmitted to the ground operation center. 
2.1. Meteors 
As mentioned above, JEM-EUSO is designed to observe at UV 
wavelengths. A few preliminary comments seem useful. There are not 
so many studies of meteors observed in the UV, because observations 
are usually done at visible wavelengths. An interesting, but unfortu-
nately still rare exception is represented by the detection of a meteor of 
absolute magnitude around —2 observed during the 1997 Leonid 
shower by the MSX satellite (Jenniskens et al., 2002). In that case, 
the meteor could be observed by detectors covering an interval of 
wavelengths from UV to near-IR Another example of Leonid meteor 
spectra in the UV-visible region, using HDTV spectroscopy from an 
airplane, has been published by Kasuga et al. (2005). 
According to available evidence, a meteor spectrum is mostly an 
emission line spectrum consisting of different components, including: 
(1) a warm K4500 K component of ablation products in the meteor 
wake, rich in low excitation lines by metal atoms, mainly including Fe, 
Mg, Na, Ca. (2) a hotter ( = 10,000) K component from the front of the 
shock wave. This is rich in lines produced by ions of Ca, Mg and other 
elements. (3) an air plasma component rich in first positive bands of N2, 
O, N. The relative ratio of the above components is variable, depending 
on the particular ablation conditions experienced by any given meteor-
oid, including speed, ablation rate, presence of flares. 
By considering an UV detector covering the interval of wavelengths 
of JEM-EUSO, and assuming as usual a V band centered at 550 nm, we 
can expect, as a first approximation, that the flux in the two bands 
should be comparable, as both UV and V are dominated by Mg, Fe, and 
Na emission from the warm component. This prediction looks reason-
able even taking into account that Na sometimes shows differential 
ablation and can vary among different meteors. Moreover, the V-band 
can also exhibit some air plasma emission from the first positive band of 
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N2, which can cause some variations. Based also on the analysis of a few 
published spectra, we believe that we should not expect the flux from 
meteors observed in the range of wavelengths covered by JEM-EUSO to 
be fainter than the flux at visible wavelengths. By taking into account 
the emission of some Fe and Mg lines at wavelengths between 350 and 
400 nm, we could even expect the UV flux to be brighter than in the V, 
perhaps by more than one magnitude. This is a subject certainly 
requiring further investigations. Another interesting field of investiga-
tion needing further efforts is a study of the possible UV emission of 
elements including C, which is thought to be abundant in comets, 
whose emissions in the visible are negligible. In the following, we 
assume that the meteor fluxes in the wavelength interval covered by 
JEM-EUSO are comparable to the usual fluxes recorded in the V. 
The main results of a preliminary investigation of the expected 
performance of JEM-EUSO where meteor detection is concerned, 
including also a study of the best possible observation strategy to 
optimize the results, have been published by Adams et al. (2015e). 
Here, we will briefly summarize the current situation, while interested 
readers will find more details in the above-mentioned paper. As for our 
reference source for meteor photometric properties, see Pecina and 
Koten (2009). 
The analyses have been based on a simulation software developed to 
mimic the expected signals produced by meteors on the focal plane of 
JEM-EUSO in a wide range of possible situations. In particular, any 
given phenomenon is described by a number of free parameters, 
including the beginning height of the meteor, the modulus and 
direction of its velocity vector, the duration of the event, and the 
morphology of the light-curve produced by the ablation of the 
meteoroid during its passage through the atmosphere. The simulator 
is very simple, and no deceleration of the meteoroid has been taken into 
account so far. Since the photometric behaviour of meteors is very 
variable and essentially unpredictable a priori, the software has been 
written in such a way as being able to produce a large variety of 
possible light-curves, the signal being approximated by a polynomial of 
9th degree. Real meteors, especially the brightest ones, often exhibit the 
presence of one or more flares along the trajectory. Unfortunately, it is 
not possible to include in a simple simulator all the huge variety of 
possible situations. In its current version, the meteor simulator allows 
for the presence of only one possible light flare, and takes as other free 
parameters the time of occurrence of this flare, its light-curve morphol-
ogy and duration. In practical terms, the simulations performed so far 
have assumed some simple light-curve morphology for both the main 
event and the flare, both being approximated by a polynomial 
characterized by a raise to a maximum, and subsequent decay. The 
maximum of the light-curve is another free parameter of the numerical 
simulator. The computation of the signal is performed by considering 
two possible observers: one, located at a fixed site on the ground, and 
another aboard the moving ISS. The varying distances between the 
meteor and each observer are taken into account in computing the 
number of photons produced on the focal plane at each instant. In 
particular, the simulator computes the received signal at time steps of 
1 ms. The number of UV photons, computed by taking into account a 
fixed conversion from apparent UV magnitudes to photon flux, as well 
as the location of the received signal on the focal plane, is also 
computed at each time step. 
The simulator described above is very simple, yet it allows us to 
make several useful computations. For example, it makes it possible to 
simulate the behaviour of light sources on the terrestrial surface 
(simulated as meteors at an height of zero km and with zero velocity). 
In terms of meteor measurements, the results of the simulated 
signals have suggested a general strategy, based on the idea of using 
different data processing modes, depending on the apparent luminosity 
of the event, which can vary over a very large interval. Two main 
techniques for signal measurement are possible, namely photon count-
ing and charge-integration. Photon counting is the standard procedure 
for the measurement of cosmic ray events, but it is not suitable to 
record events producing more than a few tens of photo-electrons per 
pixel per gate time unit (GTU). At higher rates, charge integration 
becomes the only possible option (Adams et al., 2015e). Note that this is 
a choice to be made during the phase of data reduction. The on-board 
processing, once it is automatically triggered, either by photon-count-
ing or by charge-integration, will in any case acquire data both in 
photon counting as well as in charge-integration mode. Simulations 
performed so far, including also a number of blind tests, in which the 
reconstruction of the detected signal was performed without any a 
priori knowledge of the properties of the simulated event, have shown 
that a satisfactory reconstruction of the true signals, starting from the 
recorded photo-electron counts obtained in a large variety of situations, 
can be achieved. 
According to the results obtained so far, and summarized in Table 1, 
(where we also include some results corresponding to the Mini-EUSO 
case, see Section 3) we can conclude that JEM-EUSO should be able to 
detect meteors as faint of absolute magnitude around +7 , against a 
dark background. Note that the typical UV background (without Moon) 
is about 500 photons/m2/ns/sr, which corresponds to 1 count/pixel/ 
GTU (Adams et al., 2013). According to Adams et al. (2015e), by taking 
into account the ISS motion and the correspondingly variable role 
played by anthropogenic light sources (like cities), and natural phe-
nomena such as lightnings and Moon phase, the above conditions are 
met on the average of 20% of the time. The results shown in Table 1 
include the presence of UV background and a simulation of the trigger 
logic. In conditions of full Moon, the UV background increases up to 30 
count/pixel/GTU. These conditions are met on the average in 35% of 
the time and are still acceptable for brighter meteors. A very interesting 
result was obtained for the case of very bright meteor events, or 
fireballs. In particular, fireballs can be so bright to be observable in 
conditions of very bright background, with the brightest events being 
visible on the dayside. These events are particularly interesting because 
they involve meteoroids having masses larger than tens of grams. They 
are so bright that for them a persistent meteor train can be produced, 
unlike the case of fainter meteors. As a consequence, many points of the 
trajectory can be observed for consecutive time steps on the focal plane 
Table 1 
For different values of absolute magnitude in visible light, the Table lists the corresponding flux in the f/-band (according to the Flux Density Converter of the Spitzer Science Center 
available at web site http://ssc.spitzer.caltech.edu/warmmission/propkit/pet/magtojy/index.html), the corresponding numbers of photons per second (assuming that the meteor is 
located at a height of 100 km and is observed by the ISS in the nadir direction), and the corresponding number of photo-electrons per GTU, for the cases of JEM-EUSO and Mini-Euso, 
respectively. The corresponding typical mass of the meteor, and the number of events expected to be observed by JEM-EUSO (by assuming a duty cycle of 0.2) and by Mini-EUSO are also 
shown. The relationship between mass and magnitude has been obtained following lobertson and Ayers (1968). 
Abs. U-band flux photons photo-e photo-e mass event event 
mag (erg/s /cm 2 /A) ( s - 1 ) GTU" 1 GTU" 1 (g) rate rate 
(JEM) (Mini) (JEM) (Mini) 
+ 7 6.7-10~12 4 . 3 1 0 7 4 0.04 2-10" 3 1/s 0.4/s 
+ 5 4 . 2 1 0 ~ " 2.7-108 23 0.23 1 0 ~ 2 6/min 2.4/min 
0 4 . 2 1 0 ~ 9 2.7-1010 2300 23 1 0.27/orbit 0.11/orbit 
- 5 4 . 2 1 0 ~ 7 2.7-1012 2 .310 5 2300 100 6.3/year 2.5/year 
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from the ISS, with a gradual drift across the FOV due to the motion of 
the ISS. So, for these objects, a 3D reconstruction of the trajectory 
becomes possible, by means of some simple trigonometric computa-
tions. This also means it will be possible to compute the original 
heliocentric orbit of the meteoroid and, in case of objects sufficiently 
massive to reach the ground, to constrain the region where the freshly 
fallen meteorite should be searched for. This is an extremely important 
result for the study of the origin, composition, and evolution of these 
celestial bodies. 
We did some preliminary computations of the reconstruction of the 
3D trajectory of a meteor by measuring the recorded drift of the signal 
corresponding to three points of the meteor train. The results suggest 
that, in the case of meteors having an absolute magnitude of the order 
of + 3 and brighter, the modulus of the velocity vector of the meteor 
can be computed with an accuracy of the order of 15% or better. The 
corresponding 3D coordinates of the meteor head can also be estimated 
with a similar accuracy, the best results depending on the choice of the 
brightest points of the meteor track, which produce a longer drift on the 
focal plane. This is shown in Fig. 1, in which four different damping 
coefficients of the meteor train are considered, taken from the cases of 
some fireballs published by Shrbeny and Spurny (2009). The choice of a 
meteor having a magnitude of + 3 is made just as an example, and it is 
not critical for our purposes. The possibility to compute the 3D 
trajectory depends on the capability to detect a persistent meteor train. 
In principle, the computation would depend on the damping coefficient, 
only, and not on the magnitude. The reason is that the variable gain of 
the photomultipliers is designed in such a way that in any condition of 
illumination the number of recorded photo-electrons varies in an 
identical range (between 1 and 100 counts/pixel/GTU). Therefore, 
our example referring to a M =+ 3 meteor would be equivalent to the 
case of a meteor of M = — 2, corresponding to activation of the first 
protection level. Of course, in the case of such a bright signal the 
background flux would be close to zero. The ratio between the flux of 
the meteor head and the persistent meteor train depends at each instant 
only upon the damping parameter. In the real world, however, the 
magnitude of the meteor plays also an essential role for two reasons: (1) 
the meteor flux must be much higher than the background signal. (2) As 
a matter of fact, we know that faint meteors do not produce observable 
meteor trains. 
2.2. Nuclearites 
Another possible application of JEM-EUSO is the detection of 
completely different, but extremely interesting luminous sources, the 
so-called nuclearites. As explained by Adams et al. (2015e), the possible 
existence of nuclearites, which could be constituents of dark matter, is 
predicted by some theoretical studies (De Rujula and Glashow, 1984). 
Nuclearites are thought to be nuggets made of massive nuclear particles 
including strange quarks among their constituents. This nuclear matter 
would be expected to have a small positive electric charge, but 
neutrality should be assured by the presence of a cloud of surrounding, 
captured electrons (see, again, De Rujula and Glashow, 1984). 
According to Adams et al. (2015e), the absolute magnitude M of 
nuclearites should depend only on their mass and should be constant, 
A=-4 
A=-20 
Fig. 1. Example of a bright meteor (absolute magnitude M= 3 at maximum brightness) producing different signals on the focal plane, depending on the assumed persistence of the meteor 
train. It is assumed that each point of the meteor train has an intensity decaying according to the relation I(t) = I0-e l, with A being a damping coefficient expressed in units of s_1 . The 
Figure shows the expected behaviour for four possible values of A, indicated in each panel. The simulated light-curve is assumed to exhibit a strong flare. The green line in the four panels 
shows the x-axis location of the meteor head measured in pixels on the focal plane, as a function of time (the reference frame is centered at the center of the focal plane, the x and y axes 
being horizontal and mutually perpendicular, while the z axis is oriented toward the nadir direction). The length of the green line is identical in the four cases. The scale of the different 
plots changes to include the varying domain of the position versus time plane occupied by the drifting signal (in red) produced by the meteor train, depending on the chosen value of the 
damping coefficient. 
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according to the relation: 
M = 15.8 - 1.671og(m) 
where m is the mass expressed in |jg. The emitted energy should follow 
a black-body relation, ensuring observable fluxes in the interval of 
wavelengths covered by JEM-EUSO. Also interesting is the prediction 
that the light flux should be emitted only up to a maximum height 
hmax, which is mass-dependent. According to expectations, most 
nuclearites should emit only a faint radiation at heights not exceeding 
a few km, but very massive nuclearites might exist, having masses up to 
104 g. Such objects could be visible up to about 60 km of height, and 
have absolute magnitudes M < 0. 
Nuclearites are expected to move at galactic speeds, up to 570 km/s, 
significantly higher than meteor velocities, but still in the range of slow 
events for the JEM-EUSO detector. The big difference with respect to 
meteors is that nuclearites more massive then 0.1 g should be able to 
have the possibility to pass freely through the Earth, so some of them, in 
particular the most massive ones, could be even observed as very fast 
meteor-like events moving upward. In spite of the absence in the 
literature of records of meteor events having such anomalous trajec-
tories, and taking also into account the large nuclear masses required to 
produce detectable events, the possible observation of nuclearites by 
JEM-EUSO remains a fairly remote, but nevertheless extremely exciting 
possibility. JEM-EUSO is sensitive to strangelet nuclearites with mass 
m > 1022 GeV (see Fig. 2). A null observation of these events will place 
orders of magnitude more stringent limits than current flux limits 
(Adams et al., 2015e). 
3. The Mini-EUSO pilot mission and meteor observation 
As mentioned above, Mini-EUSO is an approved pilot mission 
aboard the ISS, to test the main mission concepts developed for JEM-
EUSO. Originally born as a joint project between the national scientific 
communities of Italy and Russia, Mini-EUSO was selected in Italy by the 
Italian Space Agency (ASI) and under the name "UV atmosphere", it 
was approved by the Russian Space Agency (ROSCOSMOS) and 
included in the long-term program of ISS-based space experiments. 
M (GeV/c ) 
Fig. 2. The JEM-EUSO 90% confidence level upper limit on the flux of nuclearites 
resulting from null detection over 24 h, 1 month and 1 year of JEM-EUSO operations. The 
limit for Mini-EUSO is reported only for 1 month operation. For the other durations, they 
can be rescaled similarly from JEM-EUSO ones. The limits of other experiments MACRO 
(Ambrosio et al., 2000), SLIM (Cecchini et al., 2008), ANTARES (Pavalas et al., 2012), 
mica (Price, 1988) (the latter being dependent on several additional assumptions) are also 
shown for a comparison. 
Currently, Mini-EUSO is an established project in the framework of the 
whole JEM-EUSO Collaboration. 
The Mini-EUSO instrument, whose scheme and conceptual design 
are shown in Fig. 3, is composed of one single element of the basic 
detection unit conceived in the JEM-EUSO design, namely the Photo 
Detector Module (PDM). It consists of 36 Hamamatsu Multi Anode 
Photo Multiplier Tubes (MAPMT M64), 64 pixels each, for a total of 
2304 pixels. The optical system consists of two Fresnel lenses, both 
having a diameter of 25 cm. The front-end electronics are based on the 
same-photon counting technique developed for JEM-EUSO. According 
to current plans, two visible cameras should also be installed as 
ancillary instruments to complement the UV detections performed by 
the Mini-EUSO focal assembly. The Mini-EUSO instrument will be 
inserted in a specific container, a mechanical box providing also all the 
needed interfaces to the transparent, nadir looking UV window of the 
Zvezda Russian module aboard the ISS. 
The FOV of Mini-EUSO will be about ±20°, corresponding to a 
radius at ground of ~ 150 km, with ~0.8° per pixel. The trigger system 
and data acquisition is organized in different time scales. For meteor 
observation purposes, Mini-EUSO will continuously record data with 
40 ms time resolution. Data are saved on disks aboard the ISS, and 
periodically brought to the ground by astronauts for data reduction. 
Meteor detection and tracking will be performed on ground after data 
recovery. However, triggers on board will also allow portions of the 
tracks to be recorded with time resolutions 2.5 |js and 320 |js, respec-
tively. The same simulator used to evaluate JEM-EUSO performance has 
been adapted to the Mini-EUSO instrument to get a first estimation of 
its performance. Thanks to the possibility of performing data reduction 
on ground, Mini-EUSO can deal with meteors having magnitudes 
around +4 and +5 in optimal dark-background conditions. In such 
conditions the signal, integrated at steps of 40 ms will exceed by 3^tff 
the expected UV-nightglow level. Every year, Mini-EUSO will be able to 
collect a number of meteor signals that should be three times less than 
that expected for JEM-EUSO. The quality of the recorded meteor data 
will be also worse as the FOV per pixel is 10 times coarser compared to 
JEM-EUSO. However, in spite of these limitations, it will still be 
possible to demonstrate the observation principles conceived for meteor 
observations by JEM-EUSO. 
Regarding the observation of nuclearites, the limits for null 
observation at a first order of approximation can be rescaled from 
JEM-EUSO results by simply taking into account both the ratio of the 
apertures, which per se shifts the limit on the detectable mass size of the 
nuclearite by two orders of magnitude, and the ratio of the FOV, which 
decreases the rate of events by a factor ~2.5 (see Fig. 2). Also, the 
quality of the meteor path determination will be worse in Mini-EUSO, 
but thanks to the higher speed of these objects the total number of 
Fig. 3. A three dimensional representation of the Mini-EUSO instrument payload. 
7 
G. Abdellaoui et aL Planetary and Space Science (xxxx) xxxx-xxxx 
pixels crossed by the signal will increase by a factor of a few, so 
improving considerably the quality of the recorded path compared to 
the case of a meteor moving along the same direction. 
4. Implementation of meteor simulations in ESAF 
The performance of JEM-EUSO and Mini-EUSO has been so far 
evaluated using a simple numerical simulator of meteor phenomena, as 
described in Section 2. Currently, there is an on-going effort to include 
this already developed software in the ESAF (EUSO Simulation and 
Analysis Software) package. The reason is that ESAF is the official 
software tool to perform simulations of extended air shower (EAS) 
development of cosmic ray, photon production and transport through 
the atmosphere, and detector response for optics and electronics. 
Moreover, ESAF includes also algorithms and tools for the reconstruc-
tion of the properties of air showers produced by extremely energetic 
cosmic rays. Originally developed for the EUSO-ESA mission, all the 
necessary steps have been taken in recent times to implement in ESAF 
all the planned JEM-EUSO, Mini-EUSO and EUSO-TA instrumental 
configurations, in order to assess the full range of expected perfor-
mances for cosmic ray observation (Bertaina et al., 2014). It is therefore 
important to implement in ESAF also the possibility to carry out 
detailed simulations of much slower events, taking into account the 
large variety of possible signals produced by meteors. 
In fact, cosmic ray phenomena (typically a hundred |xs) are much 
shorter in time than meteor phenomena, lasting up to a few seconds 
(see Table 2 for a comparison of the main characteristics). The typical 
signal expected for a 1020 eV extensive air shower is of the order of a 
few thousands of photons in a hundred \is. For each photon it is 
necessary to track the trajectory through the detector with ns time 
resolution. Such brightness on the same time scale corresponds to a 
meteor of magnitude M = + 5 . However, in the case of meteors, the 
signal duration is expected to be around 3 orders of magnitude longer. 
The requirements in terms of run-time memory and data output size are 
therefore in principle much more severe. Therefore, it is important to 
adapt ESAF to the simulation of much longer events, lasting up to a few 
seconds. So far, the way to overcome the problem has been to simulate 
the measurement of only a few points of the meteor trajectory to follow 
its evolution. A detailed explanation of the method is reported in 
Nardelli (2014). Moreover, ESAF now also includes an implementation 
of a formula by Jacchia et al. (1967) which links the magnitude, mass 
and the velocity of the meteoroid. Given the meteor's velocity and 
magnitude, that are free parameters in the simulations, one can 
therefore derive the corresponding mass of the meteoroid. By assuming 
a value of the density p (so far a fixed value p = 3.55 g/cm3 has been 
assumed in preliminary tests) it is possible to compute also the 
corresponding size of the meteoroid. 
Fig. 4 shows an example of a meteor track having absolute 
magnitude M =+ 5 crossing the FOV of JEM-EUSO with a 60° inclination 
with respect to the nadir axis. Only a few GTUs have been simulated 
along the track to solve the memory and data size of the output file 
issues. At peak intensity, the expected number of counts is around 20 
Table 2 
Comparison between a typical cosmic ray and a meteor event. The difference in the ratio 
between the photons at the pupil and those emitted by the two kinds of event takes into 
account the differences in the distance from the observer and the differences in 
atmospheric absorption. 
Property Bright EHECR event Faint Meteor event 
Energy/Magnitude E = 1 0 2 0 e V Abs. M = + 5 
Speed 3 X 105km/s 20 km/s 
Emitted Photons 10 1 6 10 1 8 
Photons on pupil 104 107 
Duration 200 ns 0.2 s 
per GTU. This confirms the results presented in Table 1, where the 
detector response was parametrized. The UV night-glow is not simu-
lated, however. As mentioned in Section 2.1, in case of dark nights the 
background is estimated to be of the order of 1 count/pixel/GTU. 
The possibility of simulating flares of a meteor as well as some 
possible persistent meteor trains has been now implemented in ESAF. 
Fig. 5 shows an example for both cases. The absolute magnitude of the 
meteor is M =+ 5 with a duration of 2 s. The flare has a magnitude of 
M=+ 3 with a duration of 0.5 s, starting 1.5 s from the beginning of the 
event. The brightness of the two recorded peaks looks similar because 
the flare overlaps with the declining brightness of the main meteor 
signal and, more important, due to the increasing distance of the meteor 
from the detector in this particular case. 
An event including persistent meteor train effects has been also 
simulated assuming an absolute magnitude M =+ 5. The assumed decay 
time was T = 0.2 s in this case. We are aware that the assumed 
brightness of the simulated meteor in this test case is exceedingly faint, 
to be realistic. The persistence of the meteor train, which is not very 
evident in this case due to the relative faintness of the simulated event, 
will be essential to derive the 3D trajectory and velocity of bright 
meteors, by exploiting the motion of the ISS. 
The Mini-EUSO configuration has also been implemented in ESAF. 
Due to its much coarser pixel resolution (see Table 3) Mini-EUSO will 
detect the light-curve with lower signal and spatial resolution. Fig. 6 
shows an example of light signal and track detected by Mini-EUSO in 
case of a meteor with similar zenith angle and magnitude of the one 
shown in Fig. 4 for JEM-EUSO. 
5. EUSO-TA 
First actual observations of meteor events have been obtained from 
the ground using EUSO-TA. This is a complete prototype of the JEM-
EUSO space telescope in operation since 2013 at the Telescope Array 
(TA) site in Black Rock Mesa, Utah, USA (Kawai et al., 2008). The 
telescope can perform observations of ultraviolet light generated by 
cosmic-ray air showers and artificial sources. The aim of the project is 
to test the JEM-EUSO technology and to study the detector response in 
conjunction with the TA fluorescence detector. 
The telescope is housed in a shed located in front of one of the 
fluorescence detectors of the Telescope Array collaboration (see Figs. 7a 
and b). The detector consists of two 1 m2 sized square Fresnel lenses 
(see Fig. 7b) and the focal surface consists of one PDM equipped with 
6 x 6 MAPMTs of 8 x 8 pixels (see Fig. 7c) with a field of view of 11° x 
11° (FOV of ~0.2° per pixel). The EUSO-TA apparatus is triggered 
externally by the TA experiment and images cosmic ray tracks. Fig. 7d 
shows a typical example. The signal lasts only 1 GTU, as the cosmic ray 
shower is detected very close to the apparatus (less than 3 km). For this 
reason EUSO-TA can only record packets of 128 GTUs (for a total of 
320 |js) of data with a maximum data rate of 20 Hz. In reality, as the 
typical trigger rate of TA is ~ 3 Hz, only a few snapshots of any meteor 
track can be detected. In spite of this difficulty, so far 5 meteor events 
have been detected. Fig. 8 shows an example of such events. Plot (a) in 
this figure shows the integrated number of counts in each pixel. A 3a 
threshold has been applied on each pixel to exclude the signal not due 
to the meteor. Plots from (b) to (e) show the total number of counts of 
the meteor track detected by boxes of 5 x 5 pixels in the FOV in four 
consecutive packets. The discontinuity of the signal between packets is 
due to the discontinuity in which data are acquired. The time difference 
between the first and the last packet is about 1 s. The measurement is 
affected by several uncertainties, mainly due to the fact that part of the 
flux can be lost over non-sensible regions of the detector (zones 
between different PMTs). We can roughly estimate the magnitude of 
the meteor at maximum brightness, by computing differences of flux 
with respect to four different stars in the FOV. Taking into account all 
the uncertainties, including those related to the conversion of the star 
magnitudes, given in B colour, we can conclude that this meteor 
G. Abdellaoui et at Planetary and Space Science (xxxx) xxxx-xxxx 
3 ) 3d meteor track 
11 in 
x(km) 
J *>c 
•200 
•250 i 
-300 J 
ight profile on focal surface 
| Ph. delected.U170 
| Charge (in oounts):133»6 
meteor track on focal surface 
b) 
<ti 
c) 
* 
Hlls inlpcceen: 1417p | 
: m 
• 
1 
1 1 1 | l 1 I I 
• r 300 
X[mmJ 
Fig. 4. Example of a meteor track of absolute magnitude M=+5 simulated with ESAF. (a): the 3D trajectory of the meteor in the atmosphere. The zenith angle is 60° from nadir axis, (b): 
the expected light profile on the detector. Only a few GTUs are simulated, (c): the resulting meteor track on the focal surface. 
reached a magnitude of about +2.5. 
Despite the limited amount of information collected for these 
events, the above figure shows an experimental example on how 
meteor events would be imaged. An upgrade of EUSO-TA electronics 
and data acquisition is in progress, by including also a meteor trigger to 
follow continuously the time evolution of the meteor signal in the FOV 
of EUSO-TA. 
6. Conclusions 
The analysis presented in Adams et al. (2015e) already showed that 
JEM-EUSO has the capability to observe meteors down to magnitude 
M=+l. This result is supported by more detailed simulations per-
formed by using the ESAF simulation code. Taking advantage of its 
large field of view and high detection rate, JEM-EUSO is able to record 
a statistically significant flux of meteors, both for sporadic and shower 
meteors. Unaffected by adverse weather conditions, which limit the 
effectiveness of ground-based meteor observation networks, JEM-EUSO 
Table 3 
Comparison between JEM-EUSO, Mini-EUSO and EUSO-TA instrument parameters. 
Property JEM-EUSO Mini-EUSO EUSO-TA 
Pixel number 3.2 X 105 2304 2304 
FOV at ground (km) 230 150 N/A 
Full FOV 60° 40° 11° 
Lenses diameter (m) 2.5 0.25 1.0 
Pixel FOV 0.075° 0.8° 0.2° 
will become a very important facility in the field of meteor studies. A 
particularly important role can be played in the detection of bright 
meteors and fireballs, as these events can be detected even during 
periods of very high sky background. Therefore, monitoring of these 
events can always be active, whereas the detection of faint meteors 
requires more optimal observing conditions. 
An exciting development, though limited to sufficiently bright 
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Fig. 5. (a) Expected light profile of a meteor of absolute magnitude M=+5 with the presence of a M=+3 flare, (b) Meteor signal produced on the focal surface by an event of magnitude 
M=+5 with a persistent meteor train. 
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Fig. 6. (a) Expected light profile of a meteor of absolute magnitude M=+5 detected by Mini-EUSO. Each time bin on the x-axis correspond to 40.96 ms integration time, (b) Expected 
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Fig. 7. (a) The TA fluorescence telescope at Black Rock Mesa with the EUSO-TA telescope in front, (b) View of the EUSO-TA telescope with the front Fresnel lens, (c) The PDM of the 
EUSO-TA telescope, (d) Example of a cosmic ray track of energy E ~1018 eV detected by EUSO-TA. 
meteors, is the possibility to exploit the persistence of the meteor train 
and the movement of the ISS to obtain a 3D reconstruction of the 
meteor trajectory and velocity, making it possible to compute the 
original heliocentric orbit of the meteoroid, a very important result for 
solar system studies. 
Our preliminary analysis concerning the possible detection of 
nuclearites indicates that JEM-EUSO will be sensitive to nuclearites 
having masses higher than a few 1022 GeV/c2. In addition, after a JEM-
EUSO data acquisition time of only 24 h, it will be able to provide limits 
on the possible nuclearite flux one order of magnitude lower than the 
limits reached by the experiments carried out so far. 
Prior to JEM-EUSO, the Mini-EUSO pilot mission is expected to fly 
aboard the ISS on 2017-2018. It will prove the JEM-EUSO observa-
tional principle and by means of detailed offline data analysis it will 
allow us to detect meteors having magnitude as faint as absolute 
magnitude M < + 5. Mini-EUSO will be sensitive to nuclearites with 
mass higher than a few 1024 GeV/c2. After one month of operations it 
could reach a sensitivity of about 2 orders of magnitude better than 
what has been obtained so far by means of ground experiments. 
A ground-based pathfinder mission of JEM-EUSO, named EUSO-TA, 
is in operation since 2013 in Utah. Despite the fact that the detector is 
specifically designed to be sensitive to cosmic ray events, a few meteors 
have been observed, proving on ground the observational principle of 
JEM-EUSO. There are plans to equip in near future EUSO-TA electronics 
with a meteor trigger in order to observe more efficiently this category 
of events. 
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Fig. 8. Meteor track detected by EUSO-TA. The integrated counts corresponding to the whole event are shown in the left. The panels on the right show the light profile of four different 
blocks of 5 x 5 pixels. The morphology of the event shows a fast initial brightening of about 0.9 mag, followed by a slightly slower decline of about 1.7 mag. The panel on the bottom 
shows for a specific measurement, indicated by a circle in the plot above, the GTU by GTU evolution of the signal. 
Acknowledgements 
We thank two anonymous Referees for their detailed and exhaustive 
reviews, which led to a substantial improvement of this work. We also 
thank Dr. P. Jenniskens for his kind help in assessing the predictable 
intensity of meteor light observed at UV wavelengths. This work was 
partially supported by Basic Science Interdisciplinary Research Projects 
of RIKEN and JSPS KAKENHI Grant (22340063, 23340081, and 
24244042), by the Italian Ministry of Foreign Affairs and 
International Cooperation, by the 'Helmholtz Alliance for 
Astroparticle Physics HAP' funded by the Initiative and Networking 
Fund of the Helmholtz Association, Germany, and by Slovak Academy 
of Sciences MVTS JEM-EUSO as well as VEGA grant agency project 2 / 
0076/13. Russia is supported by the Russian Foundation for Basic 
Research Grant No 13-02-12175-ofi-m. The Spanish Consortium in-
volved in the JEM-EUSO Space Mission is funded by MICINN & 
MINECO under the Space Program projects: AYA2009-06037-E/AYA, 
AYA-ESP2010-19082, AYA-ESP2011-29489-C03, AYA-ESP2012-
39115-C03, AYA-ESP2013-47816-C4, MINECO/FEDER-UNAH13-4E-
2741, CSD2009-00064 (Consolider MULTIDARK) and by Comunidad 
de Madrid (CAM) under projects S2009/ESP-1496 & S2013/ICE-2822. 
References 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2015. Exp. Astron. 40, 3-17. 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2015. Exp. Astron. 40, 19-44. 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2015. Exp. Astron. 40, 301-314. 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2015. Exp. Astron. 40, 239-251. 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2015. Exp. Astron. 40, 253-279. 
Adams Jr., J.H., et al., JEM-EUSO Collaboration, 2013. Astropart. Phys. 44, 76-90. 
Ambrosio, M., et al., MACRO Coll., 2000. Eur. Phys. J. C 13, 453. 
Berat, C, et al., 2010. Astropart. Phys. 33, 221-247. 
Bertaina, M., et al., JEM-EUSO Coll., 2014. Adv. Space Res. 53, 1515-1535. 
Cecchini, S., et al., SLIM Coll., 2008. Eur. Phys. J. C 57, 525. 
De Rujula, A., Glashow, S.L., 1984. Nature 312, 734-737. 
Jacchia, L.G., et al., 1967. Smithson. Contr. Astrophys. 25. 
Jenniskens, P., et al., 2002. Meteorit. Planet. Sci. 37, 1071-1078. 
Kasuga, T., et al., 2005. A&A 435, 341-351. 
Kawai, H., et al., TA Coll., 2008. Nucl. Phys. B (Proc. Suppl. ) 175-176, 221-226. 
Nardelli, A., 2014. Meteor simulation in ESAF for the JEM-EUSO mission. Bachelor thesis, 
universita telematica internationale uninettuno. 
Pavalas, G.E., et al., 2012. (ANTARES Coll.), In: Proceedings of the 23rd European Cosmic 
Ray Symposium, Moscow, 543. 
Pecina, P.G., Koten, P., 2009. A&A 499, 313-320. 
Price, P.B., 1988. Phys. Rev. D 38, 3813-3814. 
Ricci, M., et al., JEM-EUSO Collaboration, 2015. PoS.(ICRC2015) 599. 
Robertson, J.B., Ayers, W.G., 1968. NASA Technical Note D-4312; <http://ntrs.nasa.gov/ 
archive/nasa/casi.ntrs.nasa.gov/19680007281.pdf > 
Shrbeny, L., Spurny, P., 2009. A 506, 1445-1454. 
11 
